Anisotropic dimensional changes in a 16 pct Cr ferritic stainless steel possessing a banded structure of a + a¢ obtained by hot rolling were studied. Considerable anisotropic transformation plasticity was observed during both the austenitization and the martensite formation reactions. Anisotropy was also observed in the case of the coefficient of thermal expansion (CTE), over a wide annealing temperature range. The observations are shown to be due to the geometrical arrangement of the phases, with ferrite acting as a constraint against the in-rolling-plane straining of the pancaked c, thus encouraging exaggerated dimensional changes along the normal direction (ND). Assuming isotropic dimensional change within the rolling plane and combining the dilatometric results in the rolling and normal directions (NDs), the measured dilatation and CTE can be used to determine the volume fraction of a¢. This alternative phase analysis method is shown to have advantages compared to a conventional image analysis method especially at low annealing temperatures where there are still residues of the tempered martensite.
I. INTRODUCTION
DILATOMETRY is a powerful tool for the analysis of phase transformations in steels. Phase fraction analysis in the intercritical range of carbon steels using the lever rule and kinetics study of the formation and decomposition of austenite are common dilatometric investigations. [1] [2] [3] De Andre´s et al. [4] have reviewed applications of dilatometry to the analysis of solid-state phase transformations in steels with an emphasis on the construction of continuous heating and cooling diagrams. In contrast to carbon steels, dilatometry is rarely used to study transformations in stainless steels since austenitic grades do not transform and ferritic grades only partially transform or do not transform at all. Therefore, the method is not well known when it comes to using it for detailed transformation studies in stainless steels.
During austenite decomposition in carbon steels with homogeneous microstructures, the dilatometric cooling curve has often been found not to follow the heating curve after the complete decomposition of the austenite into the ferrite and pearlite. In other words, at the end of each cycle with, in principle, similar initial and final microstructures, a permanent contraction along the axis of cylindrical specimens is recorded. In the case of homogenous microstructures, development of a radial thermal gradient is usually identified as the cause of the nonisotropic length change since the expansion, due to the decomposition of the hard austenite, is easier to accommodate along the radius of the specimens. Expressed differently, the nontransformed c is believed to act as a constraint against the axial stretching of the phase boundary. [5] Suh et al. [6] have shown that carbon steel specimens with a nonhomogenous structure consisting of the compositional bands created by hot rolling can display different dilatational characteristics along the rolling direction (RD) and the normal direction (ND). This difference decreases by increasing the cooling rate from the austenitization temperature. Microstructural examination of the dilatometric specimens after cooling at different rates indicated that the initial banded structure is retained at low cooling rates, whereas cooling rates above a certain level induce random nucleation of ferrite and a considerably reduced anisotropy.
In another study of the anisotropic dilatation, [7] artificially made roll-bonded steel composites consisting of alternating layers of low-and high-Mn low alloy steels with known bandwidths were tested by dilatometry along the RD and ND directions. Cycling of the ND-oriented specimens from room temperature to above the Ac 3 and down to below the M s temperatures of both constituents brought about a permanent expansion, whereas the RD-oriented specimens cycled similarly experienced a permanent contraction. This behavior was rationalized by the coupling between plastic deformation and phase transformations. [8] Farooque et al. [9] evaluated the dimensional anisotropy of a commercial hot extruded 18 mass-pct Ni maraging steel cycled through the martensitic transformation and austenite reversion reactions. While the specimen oriented along the transverse direction (TD) of the rod experienced a permanent expansion, the longitudinal specimen contracted after each cycle. These observations were attributed to the interdendritic segregation of alloying elements during solidification, which leads to the formation of bands with different martensite start and austenite reversion temperatures. While the longitudinal specimen retained its circular cross section after numerous cycles, cross section of the transverse specimen eventually became elliptical. This was ascribed to the positioning of the fibroid bands parallel to the extrusion direction with the consequence of radial contraction of the transverse specimen in the direction parallel to the extrusion direction and radial expansion normal to it. Interestingly, the initial expansion due to cycling of the transverse specimen changed to a contraction by introducing a cold rolling step prior to the cycle, which caused the bands to stretch along the axis of the specimen. It was only after an extensive homogenization treatment that the anisotropic behavior vanished and instead comparable contractions were measured along both the longitudinal and the transverse directions, presumably due to the radial thermal gradient.
In another study of the anisotropic dimensional change performed on a nontransforming duplex stainless steel with a nearly constant phase fraction from the room temperature up to the annealing temperature of 900°C, Siegmund et al. [10] measured the permanent strain after annealing of the longitudinal and transverse specimens taken from a forged rod with a uniaxially anisotropic microstructure. In the absence of any transformation plasticity, the longitudinal specimen expanded with each cycle, whereas the transverse specimen shrank. The results were interpreted in view of the dissimilar coefficients of thermal expansion (CTE) of c and a, coexisting in a banded structure, which upon heating led to the development of compressive microstresses in c and tensile microstresses in a parallel to the bands, and those of opposite signs on cooling. When the microstresses exceeded the yield strength of the weaker phase, they could lead to the plastic strain. During heating, a, the weaker phase at high temperatures, elongated in tension, whereas during cooling, c, the weaker phase at low temperatures, yielded in tension, which added to the already existing positive strain. Similar observations were made by Fischer et al. [11] in the case of longitudinal and transverse duplex stainless steel specimens taken from a forged rod cycled in the range 17 to 925°C. Whereas the longitudinal specimen monotonically increased in length with an elongation of 50 pct after 1000 cycles, the transverse specimen contracted by 8 pct.
Using X-ray diffraction, Mary et al. [12] quantified the residual stresses in the a and c phases present in the banded microstructure of a hot-rolled duplex stainless steel. At surface, residual compressive stresses were measured in both phases along the RD after mechanical polishing, but they were smaller in the case of c. Compressive stresses were a result of thermal and mechanical effects of polishing on the surface and decreased by using a less vigorous surface preparation technique. After electropolishing, which led to the removal of the mechanically damaged surface and amplified the thermal effects, the compressive stresses in c turned to tensile while a still exhibited compressive stresses. The thermal stresses, also predicted by the finite element method, mainly arise from the CTE difference of a and c.
The previous reports on anisotropic dimensional change dealt with single-phase steels, [5, 6] steels with two phases with similar CTEs, [7] [8] [9] or nontransformable dual-phase steels. [10, 11] In the present study, the dimensional change anisotropy in a 16 pct Cr ferritic stainless steel grade with a banded structure of a + a¢ after hot rolling is reported. Since the fraction of c is of relevance to the optimization of the processing conditions of 16 pct Cr ferritic stainless steels to achieve a desirable combination of ridging resistance and formability, [13] a method is presented here that combines the dilatometric results from differently oriented dilatometric specimens and lays a more meaningful base for the phase fraction analysis in the presence of planar anisotropy.
II. EXPERIMENTAL PROCEDURE
The chemical composition of the 16 pct Cr stainless steel bar provided by the Pohang Steel Company (POSCO, Pohang, South Korea) is shown in Table I . Thermo-Calc was used to calculate the equilibrium austenite fractions using the TCFE4 database.
Dilatometry experiments were performed in a precision Bahr 805 pushrod quench dilatometer under a vacuum of better than 6 9 10 À3 mbar during the heating and soaking steps. For quenching, high-purity He was blown into the chamber to achieve a cooling rate of 20°C/s. The annealing schemes simulated with the dilatometer are summarized in Figure 1 . Annealing cycles in the temperature range of 850 to 1200°C were evaluated. The holding time was 2 minutes. Ten-millimeter-long cylindrical specimens with a diameter of 4 mm or flat specimens of the same length with a square cross section of 3.5 mm 9 3.5 mm, machined from the midthickness of the 30-mm-thick hot-rolled bars, were used in the dilatometry tests after the section independence of the dilatometric results was confirmed with a few trial runs. Machining of specimens from the midthickness of bars prevented the through thickness nonhomogeneities from affecting the results. Two series of differently oriented specimens with their axes parallel to the ND and RD, as schematically illustrated in Figure 2 , were studied. The average of three dilatometric measurements is reported.
Optical microscopy and image analysis of samples mechanically polished according to standard metallographic techniques were carried out after chemical etching with a modification of Vilella's reagent with an increased concentration of HCl and the addition of H 2 O 2 as a catalyst. This solution was found to produce A Bruker D8 Advance X-ray diffractometer (Bruker AXS GmbH, Karlsruhe, Germany) with a Cu tube was used to measure the lattice parameters of a and c at temperatures up to 1025°C during heating and cooling at an identical rate of 1°C/s. To ensure temperature equalization, the sample temperature was stabilized for 1 minute at each temperature, prior to the measurements. Measurements were performed using an evacuated heating stage equipped with a radiation heater. Using a step size of 0.02 deg and a dwell time per step of 0.1 seconds, the lattice parameters were calculated on the basis of the (110) a and (111) c peaks.
Electron backscattering diffraction (EBSD) with a resolution of 0.14 lm was used to compare the image quality maps of dilatometry specimens after annealing at two different temperatures of 850°C and 1000°C. Sample preparation consisted of SiC paper grinding, polishing using diamond paste down in size to 0.25 lm, and 40 minutes of colloidal silica polishing followed by a final ultrasonic cleaning stage.
III. RESULTS AND DISCUSSION
A. Phase Fractions: Thermo-Calc vs Image Analysis Typical microstructures after 85 pct hot rolling reduction are shown in Figure 3 . Since hot rolling is performed in the c + a range, the room-temperature structure basically consisted of bands of a¢ martensite (dark) in a ferritic matrix. The bands of a¢ are stretched along the RD and to a lesser extent along the TD. Calculated c phase fractions based on Thermo-Calc and the a¢ fractions obtained from image analysis are shown in Figure 4 . According to the equilibrium Thermo-Calc calculations, the stability range of c is from 840 to 1240°C. The maximum c fraction is reached in the vicinity of 950°C.
Representative optical micrographs of the specimens annealed at different temperatures are shown in Figure 5 . Decarburized near-surface regions of the specimen annealed at 1200°C ( Figure 5 (c)) were excluded from the image analysis procedure. In contrast to the calculated c fractions, which show a clear maximum of 48 pct, the c fraction based on the image analysis increases from 34 pct at 850°C to 38 pct at 1000°C before decreasing at temperatures above 1000°C. However, further optical microscopy examination of samples revealed that the a-a¢ interfaces in the case of low annealing temperatures, especially at 850°C ( Figure 5 (d)), were very unclear and lacked the sharp contrast observed for high-temperature samples (Figures 5(e) and (f)). EBSD image quality maps of the samples annealed at 850°C and 1000°C are compared in Figure 6 , which suggests that the original martensite in the case of 850°C actually consists of low image quality fresh martensite and regions with relatively high image quality corresponding to tempered martensite. In contrast, the image quality distribution is more or less uniform across the original martensite with fewer entrapped high image quality regions indicative of the dominance of the fresh martensite in the sample annealed at 1000°C. As this type of contrast cannot be obtained by image analysis of the optical micrographs, the difficulty of phase fraction analysis of 16 pct Cr stainless steel via light optical microscopy remains.
B. Dilatometric Phase Fraction Analysis
As an alternative to image analysis, dilatometry can be used to determine the c phase fraction as a function of temperature. In the dilatometric study of Co-and Mn-bearing steels, for instance, [14] the lever rule was successfully used to calculate the fraction of austenite and ferrite in the intercritical range where the Ac 1 and Ac 3 temperatures can be used as the reference states with no c and 100 pct c, respectively. Formation of the higher atomic density c during continuous heating of a, which has a lower atomic density, is associated with a decrease in the macroscopic volume of the sample, which acts to decrease the slope of the general dilatometry curve. The higher CTE of austenite, on the other hand, tends to increase this slope. These two factors, along with the width of the temperature range over which the a fi c transformation occurs, define the shape of the general dilatometry curve and allow quantification of the c fraction as a function of temperature in the intercritical range. This approach cannot be used in the present case as less than 50 vol pct of c is formed. In-situ XRD measurements of the c and a atomic volumes during heating and cooling of the 16 pct Cr stainless steel are shown in Figure 7 . For comparison, specific volumes of c and a in the case of pure Fe and a for Fe-16 pct Cr stainless steel based on Reference 15 are also indicated on the graph. The small specific volume difference between the c and a (or a¢) at the relatively elevated austenitization range of this alloy, compared to low carbon steels, leads to reduced contractions upon austenite formation, which is usually considered to further deteriorate the sensitivity of the phase fraction analysis during continuous heating.
Anisotropic dimensional change of this steel after hot rolling operations is another source of complication, which calls for the preparation of equi-orientation specimens in order to make meaningful comparisons. Figure 8 depicts the general dilatometric curves of the three differently oriented specimens during heating to 1000°C, holding for 2 minutes, followed by quenching to room temperature. The ND orientation is clearly associated with a more pronounced contraction and expansion during the austenitization and martensitic reactions, respectively. The relative volume change during austenitization of the RD, TD, and ND dilatometric specimens at a heating rate of 50°C/min is shown in Figure 9 . The enhanced contraction in the ND results in reduced contractions in the RD and TD. Alternatively, the relative atomic volume change according to in-situ XRD is also shown as a reference representing the isotropic case. The phase fractions obtained from dilatometry based on the method explained in Section E were used in the calculation of atomic volumes from XRD data. The cooling signals in a temperature range in the vicinity of the M s temperatures of the ND, RD, and TD specimens quenched from 1000°C are also magnified in Figure 10 , which again highlight the anisotropy. Dilatometric specimens taken midway between the RD and TD (not reported) behaved similarly, implying an isotropic dilatational behavior in the RD-TD rolling plane, which is significantly different from that in the ND. This anisotropy is very likely due to the geometrical arrangement of the phases in a banded microstructure. In other words, the low CTE ferrite matrix acts as a constraint against the free dimensional change of the transforming phase and results in an orientation-dependent dimensional change due to the anisotropic morphology of the transformation products.
Due to the complexities involved, the straightforward application of the lever rule to the phase fraction analysis of the hot-rolled 16 pct Cr stainless steel leads to erroneous results, and two alternative dilatationbased methods therefore are proposed in the following paragraphs. While the first method is based on the measurement of the CTE during quenching of the annealed specimens containing various amounts of c, the second relies on the measurement of dilatation due to the c fi a¢ transformation in the specimens quenched from different temperatures.
C. CTE Phase Fraction Analysis
The difference between the CTE of c and that of a is used in the phase fraction analysis with the CTE method. The average CTEs in the range of 0 to 538°C for AISI 304 and AISI 430 as representative austenitic and ferritic stainless steels are 18.4 9 10 À6°CÀ1 and 11.4 9 10
À6°CÀ1
, respectively. [16] Hence, the higher the overall CTE measured from the cooling section of the dilatometry curves in the no-transformation range, the higher the fraction of c. To obtain the CTEs from the dilatometry, slopes of the linear fits to the relative displacement-temperature curves in a temperature range between the M s and the Curie temperature, T c (~670°C), were measured. The fitting range was chosen far enough from the M s and T c temperatures to avoid the nonlinearity close to these temperatures; the optimal fitting temperature range was found to be 350 to 550°C. Linear fits for the ND and RD specimens quenched from 1000°C are shown in Figure 11 .
The plot of CTE vs annealing temperature for the ND and RD specimens is shown in Figure 12 . Although the two trends are roughly similar, large differences are observed in their absolute values. The CTE for crystals of cubic symmetry is isotropic, [17] so texture differences cannot be the cause of the CTE differences along the RD and ND. The observed anisotropy is thought to be a manifestation of the geometrical constraint against the free isotropic dimensional change of the dilatometric specimens with a banded structure. In other words, during quenching, c, which has a higher CTE compared to a, tends to contract to a larger extent, but this is strongly opposed by the surrounding a across the rolling plane. In the case of a forged duplex stainless steel rod with a uniaxially anisotropic microstructure, the thermal stresses developed along the constrained direction, i.e., the rod axis, due to the dissimilar CTEs, have been expressed using the following equations: [10] r th a ¼
where E c and E a are the Young's moduli of c and a, respectively. The term E s refers to the sample Young's modulus calculated by the rule of mixtures, and DT is the temperature range over which the stresses have been accumulated. Due to the specific geometrical arrangement of the phases in the present study, the RD of the bar can be regarded as equivalent to the axis of the forged rod since these two are the directions of the highest interphase coupling. As a has invariably a higher volume fraction and given the fact that it is also the stronger phase over the fitting temperature range, [18] plastic deformation of c, which accumulates in-rollingplane tensile stresses, will be initiated when the thermal stresses exceed its yield strength. Therefore, in the constrained direction, i.e., RD, a as the dominant phase will have a larger contribution to the measured CTE. Since the pancaked c cannot contract freely in the rolling plane, it contracts more than the isotropic case in the ND. The high and low CTEs along the ND and RD, respectively, must then be a reflection of the plastic deformation of c during cooling in the fitting range.
Variations of the instantaneous CTE during quenching of the RD and ND specimens from 1000°C can be seen in Figure 13 , where T c , the Curie temperature, is characterized by a local minimum in the CTE as a result of a small change in the atomic spacing of a due to the spontaneous magnetostriction. [15] Whereas the RD specimen shows a slightly higher instantaneous CTE than the ND specimen at temperatures above T c , the instantaneous CTE in the ND is significantly higher than that in the RD at temperatures below T c . Hence, at temperatures above T c , it is mainly a that yields in compression across the rolling plane to accommodate the larger contraction of the high CTE c, even though it has a higher volume fraction. Although it was not practical to systematically apply linear fits to the dilatometry cooling curves over a wide enough range above T c in the case of low annealing temperatures, the RD specimens exhibited a slightly higher CTE above T c compared to the ND oriented specimens during cooling from the annealing temperatures associated with the highest c contents. The observation of a sharp transition in the instantaneous CTE at T c suggests that in addition to the contributions included in the Eqs. [1] and [2] , which are only due to thermal stresses, the magnetostriction effect of the ferromagnetic transition of a might also have an influence. On the other hand, the sharp transition might be related to a large drop in the yield strength of a at temperatures above T c , as, for instance, reported in Reference 18. According to Reference 18, whereas the yield strength of c in a duplex stainless steel decreases by only 6 MPa from 145 to 139 MPa, the yield strength of a in the same alloy decreases from 250 to 110 MPa, as the temperature is raised from 550 to 600°C. Although the Curie temperature of a in that alloy was not reported, it must lie in the range 550 to 600°C based on the insight from Reference 19. As mentioned previously, annealing at 1200°C was associated with a narrow decarburized surface layer (~400 lm) consisting entirely of ferrite. Therefore, CTEs measured along any given direction of the specimen annealed at 1200°C are expected to be slightly underestimated. As Figure 5(c) shows, the geometrical arrangement of the martensite after annealing at 1200°C is also different than at the other temperatures, mostly due to its reduced continuity and the dissolution of a large fraction of the intragranular a¢, which means that the martensitic grains have more or less concentrated along the grain boundaries and are not necessarily extended parallel to the rolling plane. These two factors are the most likely reasons for the higher isotropy observed in the case of annealing at 1200°C.
D. Martensite Dilatation Phase Fraction Analysis
In the martensite dilatation method, the fresh a¢ fraction in the quenched specimens is estimated directly.
The atomic volume difference between the parent c and the product a¢ is large enough around the M s temperature ( Figure 7) to allow for the monitoring of even small changes in the a-c balance in a precision dilatometer. In the dilatation method, the expansion due to the transformation of the dense c to the less closely packed a¢ is used to monitor the amount of transformed c. To do so, as illustrated in Figure 14 , a linear fit is first applied to the cooling section of the dilatometry curves in the temperature range of 350 to 550°C, as in the CTE method, and extrapolated down to 20°C. The vertical spacing, at 20°C, between the extrapolated line and the actual dilatometry curve is used to quantify the martensitic dilatation after making the following correction. In contrast to the fcc iron whose CTE is nearly independent of the temperature, [15] the CTEs of a and a¢ increase with the temperature. Therefore, even in the absence of c, some dilatation is measured when using the preceding procedure. To correct for this temperature dependence, the average dilatation of three specimens annealed for 2 minutes at 800°C, a temperature safely below the austenitization range of the studied composition, is subtracted from all dilatation data. The correction factors amount to 2.3 and 3.6 lm/cm for the RD and ND specimens, respectively.
The corrected dilatations for the ND and RD specimens in the studied temperature range are shown in Figure 15 . The M s -M f interval in stainless steels has been reported to be typically less than 150°C. [20] The M s temperatures calculated by applying the Koistinen and Marburger's approach [21] to the six experiments for each annealing temperature (three with RD and three with ND orientation) are shown in Figure 16 . The lowest M s temperature, 178°C, belongs to the specimen annealed at 1200°C, signifying that for all annealing temperatures, the c fully transforms to a¢ or its fraction is negligible by the time the sample is cooled to 20°C, the temperature at which the dilatation is measured. Therefore, in the absence of a pronounced crystallographic texture and effects due to alloying element partitioning on the expansions during the martensitic transformation, there is a direct correspondence between the CTE and the extent of the martensitic dilatation. Such a correspondence can be seen in the plots of CTE vs dilatation for both orientations (Figure 17 ). In the case of annealing at 850°C, in particular, in the case of RD specimens, some deviation from linearity is observed.
Such a deviation might arise from either or a combination of (a) a small dilatation and (b) a large CTE. The extent of dilatation during the martensitic reaction is well known to be a function of the interstitial solute atoms. [22, 23] The small dilatation measured at 850°C may thus be linked to the reduced C or N content of c, as evidenced by the high M s temperature in the case of 850°C (Figure 16 ). On the other hand, the large deviation at 850°C may also be related to the presence of carbides or tempered martensite, both of which are likely at 850°C. This issue will be discussed later.
The initial texture of the parent c and the occurrence of favored crystallographic variants of lath martensite as a result of applied stress, either external or internal, are known to lead to anisotropic transformation plasticity, [24] in the simplest case visualized by the Bain strain. [25] Nevertheless, the reasonable correspondence between the CTE and the dilatation rules out the possibility of major textural influences on the observed anisotropic dilatations. This was also confirmed by the EBSD orientation map of the sample quenched from 1000°C.
In order to quantify the expansion anisotropy, the ratio of the dilatation in ND and RD, DIL ND /DIL RD , for the different annealing temperatures is shown in Figure 18 . This ratio gradually rises from about 1.5 at 850°C to more than 2.5 at 1150°C, and drops abruptly at 1200°C. The observed trend is expected to be a result of the change in the severity of the geometrical configuration of the phases causing the anisotropy, as schematically shown in Figure 19 . At annealing temperatures below the one corresponding to the peak c content, the fraction of the tempered a¢ inside the original a¢ is expected to be considerable so that the c grains are relatively discontinuous. This reduces the anisotropy. As the annealing temperature increases, the tempered a¢ fraction decreases and hence the anisotropy ratio increases. On the other hand, as the annealing temperature exceeds the peak c content, the c phase grains become increasingly connected and gradually start to transform to (d) ferrite in such a way that the constraint leading to the anisotropy becomes increasingly serious. This could happen, for instance, through thinning of the c bands and transformation of the entrapped a or a¢ into c. At 1200°C, however, two factors, the surface decarburization and an imperfect banded structure due to the dominance of the intergranular c grains, also contribute to a low anisotropy ratio at 1200°C.
E. Conversion of the Dilatometry-Based Results into Phase Fractions
To overcome the complication caused by the anisotropy, and based on the observation of a more or less similar dilatometric behavior along the TD and RD, which differs considerably from that of the ND, the CTE for different orientations is used to estimate an isotropic CTE value, using the following equation: where CTE iso denotes the isotropic CTE. Assuming the coexistence of c and a only during cooling from all intercritical annealing temperatures, the calculated isotropic CTEs are converted to c volume fractions using the rule of mixtures:
In order to determine the c fraction at each temperature, the CTEs of c and a must be known, as Eq. [4] implies.
If CTE c and CTE a are taken to be fixed values regardless of the annealing temperature, it suffices to determine them at a specific temperature and then to generalize them to all annealing temperatures. In order to find the CTE a without any interference from carbides or tempered martensite, the CTE was measured in the range of 350 to 550°C after a prolonged annealing at 820°C. This CTE is for a a + carbides mixture. The CTE of another 16 pct Cr steel with a composition containing a lower carbon content (0.023 mass pct) was measured after a similar prolonged annealing treatment in the range of 350 to 550°C in order to exclude the effect of carbides. The two CTEs were then extrapolated to 0 pct carbon and the result was chosen as CTE a (12.0 9 10 À6°CÀ1 ). By taking the image analysis result at 1000°C as the reference, the CTE c satisfying the rule of mixtures was found to be 19.6 9 10 À6°CÀ1 . Further investigations showed that the specimens held for 2 minutes at 800°C, i.e., below the intercritical range, exhibited an average CTE of 13.1 9 10 À6°CÀ1 , i.e., higher than the extrapolated CTE a . This could be due to the presence of carbides or tempered martensite. Prior dilatometric investigations into the carbides' dissolution had indicated that the carbides dissolve by the time the temperature reaches~1000°C. This temperature also coincides with the complete dissolution of the tempered martensite. Given these facts, the value of CTE a is assumed to linearly decrease from 13.1 9 10 À6°CÀ1 at 820°C to 12.0 9 10 À6°CÀ1 at 1000°C, and these values are inserted into Eq. [4] to calculate the c fraction.
By analogy with the procedure employed to convert the CTE results into the phase fractions, the isotropic dilatations are found by assuming an isotropic behavior within the RD-TD plane and using the following formula to calculate the isotropic dilatation: 
where DIL iso denotes the isotropic dilatation, while DIL ND and DIL RD refer to the dilatations measured along the ND and RD. The dilatation data is subsequently converted into the a¢ fractions by finding the proportionality constant, which successfully converts the dilatation in the specimen quenched from 1000°C to the corresponding a¢ fraction based on the image analysis. The c/a¢ fractions obtained from the dilatometry by means of the preceding procedure along with the a¢ fractions from the image analysis are superimposed in Figure 20 . Since the a¢ fraction at 1000°C, as determined by image analysis, was used as reference in the conversion of the dilatometric results to the phase fractions, the dilatometry-based results coincide with the image analysis results at this temperature. The difference between the image analysis and the dilatation-based methods, observed at low temperatures, is due to the presence of tempered martensite. Except for the annealing temperature of 850°C, the CTE and dilatation methods give similar estimations of the c/a¢ fraction. The large difference between the two dilatometry-based fractions at 850°C is a reflection of the low carbon content of c, as evidenced by its high M s temperature of 304°C. The good agreement of the dilatometry-based results at high temperatures with those obtained from image analysis strongly supports the assumption of an isotropic dilatational state within the rolling plane on grounds of the banded structure.
IV. CONCLUSIONS
The anisotropic dimensional change in a 16 pct Cr stainless steel with a banded microstructure consisting of a + a¢ was studied by dilatometry. The following conclusions were drawn.
A considerable transformation anisotropy was
observed during both the austenitization and the martensitic reactions. In the case of the martensitic transformation, dilatations along the ND were considerably larger than along the RD after annealing in the intercritical temperature range. The ratio of dilatation along the ND to that along the RD increased when the annealing temperature increased. This was attributed to the enhancement of the banded structure and an increased constraint by the surrounding a. In the case of the highest annealing temperature, however, occurrence of appreciable surface decarburization and the presence of less perfectly aligned bands of a¢ led to an abrupt drop in the anisotropy ratio. 2. CTEs also showed a significant direction dependence, with CTEs measured along the RD smaller than those along the ND in the temperature range between M s and T c . The accumulation of thermal stresses due to the difference between CTE a and CTE c leads to the plastic yielding of c, which is the minor phase in terms of volume fraction and also the softer phase below T c . 3. The direct correspondence between the CTEs and the dilatations for each individual experiment rules out the possibility of prominent variant selection contributing to the anisotropic martensite dilatation. The correspondence, however, is weaker at low annealing temperatures where reduced carbon content may lead to low dilatations, and other factors, such as the presence of tempered martensite and carbides, may lead to high CTEs. 4. Instead of using the data collected from only one set of similarly oriented specimens, a more realistic picture of the a¢ fractions can be obtained from dilatometry by combining the results of ND and RD specimens, assuming the existence of in-rollingplane isotropy and generalizing the dilatometric behavior of RD specimen to the entire rolling plane. Such results are especially useful when annealing specimens at low temperatures, where fresh martensite formed from c and the original martensite in the structure, which has undergone tempering during the annealing, coexist. This approach is especially useful when the lack of sufficient contrast in the optical micrographs interferes with the correct estimation by image analysis of the fresh martensite fraction at these temperatures. 
